The fabrication of electrically conducting magnetic nanowires has been achieved using electrochemical DNA-templating of iron. In this approach, binding of the Fe 2+ cations to the DNA "template" molecules has been utilised to promote growth along the molecular axis. Formation of Fe within the product material was verified by XRD and XPS studies, which confirmed an iron/oxide "core-shell" structure. The effectiveness of the DNA duplex to direct the metal growth in one dimension was highlighted by AFM which reveals the product material to comprise high aspect ratio nanostructured architectures. These "nanowires" were observed to have morphologies consisting of densely packed linear arrangements of metal particles along the template, with wire diameters up to 26 nm. The structures were confirmed to be electrically conductive, as expected for such Fe-based materials, and to display superparamagnetic behaviour, consistent with the small size and particulate nature of the nanowires.
Introduction
The ability to form structurally well-dened materials on the nanometre scale is of great interest within the scientic and technological communities.
1, 2 The distinct properties which materials exhibit when one or more of their physical dimensions is so reduced presents enormous potential for their exploitation in a variety of applications. The most ambitious of these is their anticipated role as building blocks for the construction of nanoscale devices through so-called "bottomup" approaches. One-dimensional (1-D) nanostructured materials (e.g. nanowires, nanorods, and nanotubes) [2] [3] [4] are one such class which has received much attention to date.
Electrochemical growth is amongst the most common approaches to the fabrication of 1-D nanostructures. Such methods are useful as they can be carried out under ambient conditions, afford considerable control over material formation, are of low cost in implementation, and have potential for scale-up. They have also been shown to offer good versatility with a wide range of material types being produced, including metals (e.g. Fe, Ni, Co, Pt), inorganic semiconductors (e.g. CdSe, ZnO), and organic conducting polymers (e.g. polyaniline, polypyrrole).
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Generally, the application of electrochemical methods for nanowire fabrication has involved the use of a porous membrane such as anodically etched aluminium oxide (AAO), [5] [6] [7] polycarbonate track membranes, 8 or porous silica, 10, 11 supported upon an electrode at which electrodeposition takes place. In this way the porous membrane connes the material growth from the electrode surface to individual channels resulting in uniaxial growth. Though less common, alternative strategies for directing material growth have also been reported. Wang et al. 15 for example, described the in situ electrochemical fabrication of organic conducting polymer nanowires within an integrated microuidic system. The fabrication of organic and metallic nanowires has also been demonstrated through carrying out electrodeposition in electrolyte channels positioned between microfabricated electrodes. [16] [17] [18] Biomolecules are another source of templates for forming nanowires, though examples of them being used in combination with electrochemistry are rare. One such instance was reported by Shi et al. 19 in which starch molecules were used to direct the growth of an electrodeposited conducting polymer. Duplex DNA has been shown to be highly effective for promoting the anisotropic growth of a variety of materials such as organic conducting polymers, [20] [21] [22] [23] [24] [25] metals, [26] [27] [28] [29] [30] [31] [32] [33] metal oxides, [34] [35] [36] [37] semiconducting chalcogenides, 38, 39 and superconducting alloys. 40 However, to our knowledge there have been no prior reports of conducting nanostructures formed by electrochemical DNAtemplating methods. § Much attention has already been paid to the development of a variety of Fe-based nanomaterials due to their potential for exploitation in numerous elds such as catalysis, data storage, biotechnology, spintronics, and sensor technologies. 6, [41] [42] [43] [44] It is expected that the 1-D Fe nanostructures reported here may offer similar promise for application within several of these elds. Recently we have begun to consider the use of DNA-templating in the fabrication of 1-D Fe-containing materials. 36 The preparation of such nanostructured materials has, to date, focused upon oxide-based structures with early examples being produced through the binding of pre-formed iron oxide particles to DNA templates. 45 More recently, we 36 and others 35 have demonstrated that iron oxide can be grown directly on DNA under the appropriate conditions. No examples of the preparation of alternative Fe-based nanostructures through direct DNA-templating have been described to date.
Here we report, for the rst time, the preparation of magnetic nanowires using electrochemical DNA-templating. The use of DNA to direct material growth during the electrochemical process provides a relatively straight-forward route to nanowire fabrication, avoiding the need for an additional postsynthetic step for removal of the template, as required when using porous membranes. It also avoids the need for additional specialised equipment such as is required for the microuidic and microelectrode based methods previously mentioned.
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Results and discussion
The formation of DNA-templated Fe nanowires, via electrochemical reduction of Fe 2+ cations in the presence of DNA, was carried out according to the experimental setup illustrated in Fig. 1 . In this approach, the reaction solution containing the templating duplex DNA strands and Fe 2+ cations is supported upon a n-Sih100i wafer which also acts as the working electrode. Prior to applying the reaction solution, the Si wafer was modied with a TMS self-assembled monolayer in order to enhance the hydrophobic properties of the substrate surface (static contact angles $ 71 ). 24 This causes the reaction solution to "bead" on the electrode surface, allowing the counter and reference electrodes to be easily inserted into the solution from above.
The process of nanowire formation can be considered to take place via two distinct stages: the rst of these involves association of the Fe 2+ cations with the DNA molecules. This plays a key role in the fabrication process, promoting the subsequent formation of the Fe material to take place upon the template. The second stage is the electrochemical reduction of the DNAbound Fe 2+ cations to zerovalent Fe, which takes place at the surface of the working electrode. This process results in the growth of an Fe coating around the DNA template molecule to give the nal the metal nanowire.
Fourier transform infra-red (FTIR) spectroscopy
As mentioned above, this method for Fe growth relies upon initial association of the Fe 2+ cations with the DNA prior to their reduction to the zerovalent state. The rich chemical functionality presented by the DNA offers several different types of site for metal ion interaction. Metal ion binding at the polyanionic phosphodiester backbone for example, can take place through the formation of electrostatic interactions involving the hydrating water molecules around the metal ion or through Fig. 1 Illustration depicting the electrochemical approach used for the production of the DNA-templated Fe nanowires. An aqueous solution containing l-DNA and Fe 2+ cations is deposited upon an n-doped Si wafer, modified with a TMS SAM, which acts as the working electrode during the electrochemical reduction of the Fe 2+ to zerovalent Fe. The DNA acts as a template, facilitating anisotropic growth of the Fe, as a result of the Fe 2+ cations associating with the polyanionic DNA duplex structure in solution prior to their reduction. During the electrochemical process, a Ag/AgCl, 0.1 M KCl electrode was used as the reference electrode, and a tungsten wire as the counter electrode. Following nanowire formation, the reaction solution was removed from the Si working electrode, and from which the product material could then be isolated.
inner-sphere coordinate bonds directly to the DNA phosphate groups. Alternatively, interactions may also take place through coordination of the metal cations to electron donor sites (e.g. ring nitrogen atoms) within the DNA bases.
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FTIR spectroscopy was used to probe the interactions between the Fe 2+ cations and the DNA. Fig. 2 
Cyclic voltammetry
Electrochemical reduction of the DNA-bound Fe 2+ species was carried out via a CV approach, adopting the experimental setup previously described, see Fig. 1 . A typical voltammogram produced during the nanowire preparation process is shown in Fig. 3 . It is characterised by the presence of a single wave, with a cathodic peak potential of E ¼ À1.4 V. This indicates a single irreversible reductive process to be taking place, corresponding to the two-electron reduction of the Fe 2+ cations at the n-Sih100i wafer surface.
X-ray diffraction
In order to verify the chemical identity of the material produced during the CV experiments, XRD analysis was performed. To ensure sufficient material was present in the samples to acquire a diffraction pattern, the sample solution was le to dry upon the Si wafer (working electrode) following the electrochemical reaction, and the fabrication process then repeated two further times on the same wafer. The more prominent features in the XRD pattern obtained from the sample (see Fig. 4 ) are the peaks observed within the 2q ¼ 10-35 range. These correspond to unreacted starting material (FeSO 4 ) which is present in the sample as a consequence of the manner in which it is required to be prepared in order to obtain meaningful XRD data (i.e. the reaction solution is allowed to dry out upon the substrate support). The presence of FeSO 4 within the nal product material is simply due to mass transport limitations in solution, which prevent all Fe 2+ species being reduced to Fe over the time period which the electrochemical process is carried out. Signicantly though, a small peak at 2q ¼ 45 can also be identied, which is consistent with the (110) reection of the aFe phase (body-centred cubic). 49, 50 No peaks in the diffraction pattern can be identied which indicate the presence of any iron oxide phases, suggesting the product material is predominantly metallic a-Fe. It should be noted however, (vide infra) that this does not rule out the possibility of the a-Fe possessing an oxide layer at its surface to which XRD is insensitive.
X-ray photoelectron spectroscopy
XPS studies carried out upon the product material not only veried the presence of zerovalent metallic Fe, but also allowed for the surface/core chemical composition of the Fe material to be elucidated through depth prole analysis. Fig. 5a shows a high resolution XP spectrum of the Fe2p region of the product material. The spectrum shows a broad doublet structure with binding energy around Fe2p 3/2 ¼ 711.2 eV, and Fe2p 1/2 ¼ 724.3 eV. Curve-tting of the spectrum has not been carried out due to the complex and unreliable nature of accurately assigning Fe2p spectra which potentially contain more than one type of Fe species; as well as requiring to t each species present, the t would be further complicated by multiplet splitting of the components due to electrostatic and spin-orbit interactions between the 2p core hole and the unpaired 3d electrons of the photoionised species (characteristic of high-spin Fe 2+ and Fe 3+ species). [51] [52] [53] However, despite these complexities, several distinctive features of the spectrum can be identied which allow for different Fe species to be distinguished. Firstly, the measured binding energy of the spectrum (Fe2p 3/2 ¼ 711. 2 eV) is consistent with the presence of Fe 3+ species. [53] [54] [55] However, the broad nature and overall line shape of the spectrum also suggests a second Fe component to be present. In particular, a broad tail can be seen to the higher binding energy side ($713 to 717 eV) of the Fe2p 3/2 peak, characteristic of a Fe 2+ satellite peak. 53, 54 In addition, the steep shoulder observed on the lower binding energy side of the Fe2p 3/2 peak is indicative of an Fe 2+ component overlapping with the Fe 3+ component at higher binding energy. 54 It should also be noted that a shakeup satellite around 719 eV would typically be expected to be seen in the Fe 3+ spectrum. However, this cannot be easily distinguished in this case as a result of the overlap with the Fe 2+ spectrum.
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The Fe 2+ species detected in the sample can be attributed to the presence of FeSO 4 . 53, 54 This was further veried by the S2p peak around 168.7 eV, which is consistent with the presence of sulfur in the form of SO 4 2À species, 57,58 see ESI. † These ndings are in agreement with the XRD data which showed several peaks in the diffraction pattern relating to unreacted FeSO 4 due to the manner in which the sample material was prepared.
The presence of Fe 3+ is most likely the consequence of surface oxidation of the Fe product material, forming an oxide layer around the Fe metal. The formation of such coatings is generally known to take place at the surface of nanostructured Fe materials, typically in the form of an oxide such as Fe 2 O 3 or Fe 3 O 4 , or as oxyhydroxide (FeOOH). [59] [60] [61] [62] However, the similar binding energies of the Fe2p core level in these two materials, along with the complexities of having multiple components present in the Fe2p envelope, makes it difficult to conrm in which phase the oxide layer is present in this instance.
Another important feature of the spectrum in Fig. 5a is the absence of a doublet peak arising from the zerovalent metallic Fe, expected around 706-708 eV (Fe2p 3/2 ). This conrms there to be no Fe present in the surface layers of the fabricated structures. When it is also considered that the XRD data indicated the product material to be predominantly composed of aFe, this suggests that the DNA/Fe structures do indeed possess an iron/oxide core-shell structure. In order to verify this, depth prole XPS analysis was also carried out. 50, 63 conrming that the core of the Fe-based structures are composed of metallic Fe, in agreement with XRD data.{ Though the DNA/Fe material has been shown to consist of a core-shell structure, for clarity the structures will be referred to as "DNAtemplated Fe" from here on. { It should be noted that the Fe2p signal from the oxide material is still observed following etching, as the sample is not deposited as a homogenous lm, and will consist of a multilayer network of DNA-templated Fe nanostructures.
Atomic force microscopy studies AFM has been used to evaluate the structure and morphology of individual DNA-templated Fe nanowires formed during the electrochemical process. Nanowires were able to be isolated from the reaction solution through alignment onto a fresh TMS-modied Si substrate via "molecular combing" type processes. 31, 64 Fig. 6a shows an AFM height image of a typical Fe structure aligned upon a TMS-modied Si substrate. The inuence of the DNA upon the growth of the electrodeposited Fe is clear with the geometry of the resulting DNA-templated Fe nanostructure retaining the highaspect ratio dimensions of the template. The Fe appears to form a continuous coating around the DNA with little evidence of gaps in its structure. Upon closer inspection the metal coating can be seen to exhibit a granular morphology (see Fig. 6a, inset) , consisting of a linear arrangement of nanoparticles densely packed together along the DNA, i.e. type-(i) structure, Fig. 6b . It cannot be established from the AFM data if these particles are coalesced into a continuous structure or are present as a series of discrete particles, however.k The morphology associated with the metal coating is most likely a consequence of the Fe formation taking place through a series of nucleation and growth processes on the template, similar to that previously reported in the preparation of other DNA-templated metal structures. 26, 28, 30, 33 It can also be noted from the nanowire shown in Fig. 6a that the constituent Fe nanoparticles of the metal coating appear highly monodisperse in size. This is in contrast to morphologies seen in previously reported examples of DNA-templated nanostructures, which have typically displayed one of two general types of structure. The rst of these can be described as linear arrangements of nanoparticles along the DNA, similar to that shown by the current DNA-templated Fe nanowires, but with greater variation in the constituent particle sizes (type-(ii) structure, Fig. 6b) . 31, 33, 38 This variation is proposed to be the result of a progressive nucleation process by which the material growth takes place on the DNA. The second morphology type involves the templated material binding in a much less linear fashion, forming clusters of particles around the DNA, which in some instances produce structures with a dendritic appearance 26, 29, 30 (type-(iii) structure, Fig. 6b ). Such structures, which are similar to the well-known diffusion-limited aggregation structures, 65, 66 arise from a lack of reversibility in the deposition process and the absence of surface tension effects. 67 In the case of the DNA-templated Fe nanowires described here, we suggest two factors which may be responsible for the uniform particle growth seen: (a) the electrochemical experiment induces instantaneous nucleation on the template favouring a more uniform particle size compared to progressive nucleation which leads to type-(ii) structures; (b) connement of nuclei to a 1-D template results in inhibition of the growth of larger particles because they experience overlap with their neighbours sooner. Both factors are likely to narrow the size distributions of particles nucleating and growing on DNA in comparison with the cases of nucleation at a surface or in a bulk phase. These effects are the subject of more detailed theoretical work, which can be found elsewhere.
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Whilst there is a relatively narrow size distribution of the constituent particles associated with any individual nanowire, AFM analysis revealed considerably more variation in the mean diameters between different nanowires in the product material; height measurements showed the nanowires to range in size from 2-26 nm in diameter.
Scanned conductance microscopy
In order to establish that the DNA-templated Fe structures are conducting, i.e. genuine nanowires, SCM has been used, which k The coalescence of such particles on DNA has recently been modelled and found to be the equilibrium state under appropriate conditions of low material:template stoichiometry. 66 provides a convenient, qualitative, means of assessing the electrical properties. 25, 69, 70 Fig. 7a shows an SCM phase image of two DNA-templated Fe nanowires recorded at an applied bias of +7 V, along with the accompanying AFM height image (Fig. 7b) . Information relating to the electrical behaviour of such structures can be elucidated from the phase contrast associated with them in the phase images. Specically, negative/dark contrast is observed if the nanostructure is electrically conducting, whilst dielectric structures produce only positive/bright contrast. 25, 69, 70 It is clear that the DNA-templated Fe nanowires shown in the AFM height image correspond to the prominent negative/dark contrast seen in the phase image. This was found to be the case over the range of bias potentials used (between À7 V and +7 V), conrming that the structures are electrically conductive. The magnitude of the phase shis associated with the nanowires (relative to the substrate background) were dependent upon the applied bias, as can be seen by the parabolic trend displayed when plotting the tangent of the phase shis as a function of the applied bias (Fig. 7c) . This relationship between the phase shis and applied bias is characteristic of the probe-sample interactions being dominated by capacitance effects rather than electrostatic interactions, which are expected to show a linear relation. [70] [71] [72] [73] This conrmation that the phase shis are predominantly inuenced by the tip/substrate capacitance, rather the presence of static charges on the wire, veries that the negative phase shi is indicative of the conductive nature of the nanowire.
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Although the SCM data presented cannot be used to derive the actual conductivity of the nanowires, the technique is very sensitive to low conductivities. The observation of a negative phase shi in the SCM images indicates a lower bound on the conductivity of the order of 10 À14 S cm À1 , using a calculation analogous to that described by Bockrath et al. 69 and taking account of the tapping frequency of the tip.
Magnetic force microscopy
Zerovalent Fe, when in bulk form, is one of the best known examples of a ferromagnetic material. However, magnetic properties are known to be size-dependent, 74, 75 which can lead to nanomaterials exhibiting quite different magnetic properties compared to the corresponding bulk form. An example of this is the transition from a bulk ferromagnetic to superparamagnetic behaviour when in nanoparticle form, where the particle volume is smaller than the size of a single magnetic domain.
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This change is a consequence of the magnetic anisotropy energy being overcome by the thermal energy, and results in randomisation of the magnetic spin direction, leading to a net magnetisation of zero in the absence of any external magnetic eld. The geometry of nanostructured materials also plays an important role in determining magnetic character due its high sensitivity towards anisotropic effects. 76, 77 Hence the nanostructured form in which a material is prepared (e.g. nanoparticles, nanowires/nanorods) can also dictate magnetic character. It was therefore of interest to probe the magnetic behaviour of the Fe structures produced here. In order to achieve this, magnetic force microscopy (MFM) was used. MFM operates in a highly analogous fashion to the SCM technique though in this instance a magnetised AFM probe is used and its response to the magnetic force gradients are monitored as it scans over the sample (cf. the electric force gradients monitored during SCM experiments). (Fig. 8b) . The position of the nanowire can be clearly seen to correspond to a region of dark contrast in the MFM phase image, indicating the Fe structure to exhibit a room temperature magnetic response to the probe. In addition, the dark contrast indicates that the magnetic interaction between the probe and nanowire is an attractive one, i.e. the magnetic moments of the nanowire and probe are in alignment with one another. The phase signal was found to persist over a range of li heights, gradually diminishing as the probe-sample separation was increased, see Fig. 8c .
It is should be noted here that despite the similarities between the MFM and SCM techniques, the phase shis observed here are able to be distinguished as arising from magnetic interactions between the tip and sample, rather than electrostatic effects. In the previous SCM experiments, phase shis associated with the nanowires at zero bias were observed to be less than 0.05 , at a li height of 70 nm (see Fig. 7c ). In comparison, the phase signal observed in MFM experiments (which are carried out in the absence of an applied bias), at the same li height, is substantially larger, at around 0.3 (see 8c ). In addition, the same type of AFM tip (metallic Co/Cr coated n-doped silicon) is used in both SCM and MFM experiments; it can be noted that an electrostatic signal is only observed upon application of a dc bias, whilst a magnetic-based phase response can only be identied when the tip has been magnetized. These observations rule out the MFM phase signals arising as a result of electrostatic effects. Control experiments were also carried out using nonmagnetic Si probes, in which no contrast was seen in the resulting phase images. This again conrms that the phase signals observed are the result of magnetic interactions between the magnetised tip and nanowire.
In order to establish the type of magnetic behaviour displayed by the nanowire, additional MFM experiments were performed in which the direction of the probe's magnetisation was reversed. If the Fe nanowire is ferromagnetic in character (as Fe is in its bulk form) reversing the direction of the probe's magnetisation would be expected to result in the phase signal inverting, i.e. changing from dark contrast to bright contrast, as any probe-nanowire interactions will now be repulsive. However, the dark phase contrast associated with the nanowire was found to persist regardless of the direction of the probe's magnetisation. This behaviour is consistent with the magnetic eld of the AFM probe inducing alignment of the magnetic moments within the region of the nanowire over which the probe is positioned at any given time, indicating that the nanowire structure is composed of a series of superparamagnetic Fe particles packed along the DNA template. The proposed structure here is also supported by the morphology of the nanowires, i.e. linear arrangements of Fe nanoparticles, densely packed along the DNA. This nding is similar to that which we recently reported for DNA-templated magnetite (Fe 3 O 4 ) nanowires, where superparamagnetism was displayed in contrast to the ferrimagnetism observed in the bulk phase.
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Conclusions
For the rst time, an electrochemical approach has been demonstrated as a part of a DNA-templating method for the fabrication of magnetic nanowires. The directed growth of the zerovalent Fe produced during the electrochemical reduction process arises from binding to the DNA template, allowing for high aspect ratio nanowires to be formed with diameters up to $26 nm. The chemical composition of the nanostructures was determined to consist of a core-shell structure, where an oxide sheath encapsulates the Fe core. 
Materials and methods
Materials
All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich Company Ltd., of Analar grade or equivalent, and used as received. Ferrous sulfate heptahydrate (FeSO 4 $7H 2 O, 99%) was obtained from BDH Chemicals Ltd. Lambda DNA (l-DNA, Cat no. N3011S) was purchased from New England Biolabs (UK) Ltd. Calf thymus DNA (CT-DNA, highly polymerised, 6% sodium) was purchased from Sigma-Aldrich Company Ltd. and used as received. n-Sih100i wafers (3 inch diameter, 525 AE 50 mm thickness, polished on one side with reverse etched, phosphorus doped, 1-10 U cm resistance) were used as the working electrode in electrochemistry experiments and as substrate supports for AFM imaging of samples. n-Sih100i wafers with a thermally grown SiO 2 layer on top (3 inch diameter, 500 AE 25 mm, double side polished, arsenic doped, <0.005 U cm resistance, thermal oxide layer 2000Å AE 10% thickness) were used in scanned conductance microscopy (SCM) and magnetic force microscopy (MFM) experiments. All Si wafers were purchased from Compart Technology Ltd.
NANOpureÒ deionised water (18 M U cm resistivity) was obtained from a NANOpureÒ DIamondÔ Life Science ultrapure water system equipped with a DIamondÔ RO Reverse Osmosis System (Barnstead International).
Cleaning and oxidation of Si substrates
n-Sih100i wafers were cut into $1 Â 1 cm 2 pieces using a diamond scribe, and treated in "Piranha" solution (4 : 1 H 2 SO 4 -H 2 O 2 ) for 45 minutes (Caution! Piranha solution should be handled with extreme care; it is a strong oxidant and reacts violently with many organic materials. It also presents an explosion danger). Upon removal from the Piranha solution, the Si wafers were rinsed with copious amounts of NANOpureÒ water, and dried in a gentle stream of N 2(g) before further drying in an oven for 5-10 minutes. For n-Sih100i/200 nm SiO 2 wafers used in SCM and MFM experiments, the thermally grown SiO 2 layer was removed from one side of the wafer prior to Piranha treatment. This was carried out through applying a drop of HF solution (48% in H 2 O) onto the surface of the Si wafer, and le until a change in the surface wetting was observed (i.e. hydrophilic to hydrophobic transition), indicated by a sudden "beading" of the HF solution. The HF solution was removed from the wafer, which was subsequently rinsed with copious amounts of NANOpureÒ water, followed by treatment in Piranha solution as previously described.
Trimethylsilane modication of Si substrates
Unless otherwise stated, all Si wafers (n-Sih100i and n-Sih100i/ 200 nm SiO 2 wafers) were modied with a self-assembled monolayer of trimethylsilane (TMS) prior to use. TMS modi-cation was performed through vapour treatment with Me 3 SiCl. This was carried out by placing a specimen bottle containing 100 mL of Me 3 SiCl inside a larger specimen bottle. The Piranhatreated Si wafer was placed on the top of the inner specimen bottle (polished/SiO 2 side facing up) and le for 10 minutes at room temperature. TMS modication results in an increase in the hydrophobic character of the substrate surface. Under the conditions employed here, static contact angle measurements typically give values of $71
(NANOpureÒ water as the probe liquid).
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Fourier transform infra-red spectroscopy of DNA/Fe
2+
All samples for FTIR spectroscopy were prepared as lms upon Si wafers in order to ensure sufficient material was present to obtain useful data. Prior to preparation of the samples, the Si wafers were treated with Piranha solution as previously described, but were not subject to TMS modication. Samples of bare DNA (i.e. prior to exposure to the Fe 2+ solution) were prepared by depositing 80 mL of an aqueous solution of CT-DNA (1 mg mL À1 ) upon a n-Sih100i wafer and allowing the solvent to evaporate at room temperature. Samples of DNA/Fe 2+ were prepared by adding 60 mL of an aqueous solution of FeSO 4 $7H 2 O (1 mM) to 30 mL of an aqueous solution of CT-DNA (1 mg mL À1 ), and le to stand for 10 minutes. 80 mL of the resulting DNA/Fe 2+ solution was deposited upon a nSih100i wafer, and the solvent allowed to evaporate at room temperature. FTIR spectra were acquired using a Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc.). Spectra were recorded in the range 400-4000 cm À1 , with 128 scans at 4 cm À1 resolution. The spectra shown have been offset and scaled for clarity.
Preparation of DNA/Fe material for X-ray diffraction and X-ray photoelectron spectroscopy studies
The DNA/Fe material for X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) was required to be prepared in a manner which ensured sufficient product material could be obtained to allow for meaningful data to be acquired. 
Following the electrochemical process, the reaction solution was allowed to dry upon the working electrode at room temperature in order to maximise the amount of product material present for subsequent analysis. In the case of samples prepared for XRD, this procedure was repeated a further two times on the same Si substrate in order to provide sufficient of the product material for a diffraction pattern to be acquired.
Preparation and alignment of DNA-templated Fe nanowires for scanning probe microscopy studies Whilst CT-DNA was used in the preparation of the DNA-templated Fe where large amounts of material were required for investigation (FTIR, XRD, XPS), l-DNA was employed as the templating agent in the preparation of Fe nanowires fabricated for SPM studies. Molecules of l-DNA are of a consistent length (16.2 mm), allowing for the formation of well-dened nanowire structures, highly suited for investigation by SPM. Samples were prepared by adding 10 mL of an aqueous solution of FeSO 4 $7H 2 O (1 mM) to 5 mL of an aqueous solution of l-DNA (500 mg mL À1 ), which was le to stand for 10 minutes.
5 mL of the DNA/Fe 2+ solution was deposited upon a TMSmodied n-Sih100i wafer. CV was subsequently carried out at the surface of the wafer as previously described. Following the electrochemical process, the reaction solution, containing the newly formed DNA-templated Fe nanowires, was removed from the Si working electrode by micropipette. The nanowires were then isolated from the reaction solution by immobilisation upon a fresh TMS-modied n-Sih100i wafer, using a process loosely based upon spin-coating methods: the DNA/Fe solution was applied to a TMS-modied n-Sih100i wafer whilst spun at 125 rpm. The substrate was spun for a further 2 minutes at 250 rpm before the residual solution was withdrawn from the substrate surface by micropipette. This procedure results in the nanowires being stretched out across the substrate surface, as directed by the action of the receding meniscus of the solution droplet as it withdraws from the surface.
X-ray diffraction
XRD data was acquired using of a PANalytical X'Pert Pro diffractometer (PANalytical) using Cu Ka radiation source (l ¼ 1.540Å).
X-ray photoelectron spectroscopy XPS was carried out using a Thermo Scientic K-Alpha X-ray photoelectron spectrometer (Thermo Electron Corp., East Grinstead, UK), equipped with an Al Ka X-ray source (1486.6 eV) with a variable spot size of 30-400 mm. A take-off angle of 90 was used during data acquisition, and a charge neutralisation gun used to compensate for surface charging. All spectra were referenced to hydrocarbon C1s peak at 285.0 eV. Survey spectra were acquired using a pass energy of 150 eV, whilst high resolution region spectra were acquired using a pass energy of 50 eV. Scanned conductance microscopy (SCM) and magnetic force microscopy (MFM)
SCM is a variant of electric force microscopy (EFM) in which the force gradient above the sample is mapped; a dc potential bias is applied between the sample and the tip, and the phase angle between the driving force applied to the cantilever and the tip response is monitored. This technique has been called scanned conductance microscopy because conductive objects on a dielectric lm modify the capacitance between the tip and the substrate in a manner distinct from that due to polarisable insulators. 69, 70, 78 SCM is implemented as a two-pass technique in which the rst scan across a line records the topography in TappingModeÔ operation, and this information is used to li the tip a dened height above the sample in the second pass to record the phase response.
The electrostatic force is negligible compared to the short range forces in the rst pass, but the electrostatic force dominates in the second pass. 79 As shown by previous workers, 69, 70 negative phase shis (with respect to the background) are only observed when imaging structures that are conductive. The phase shi is proportional to the second derivative of the tip/ surface capacitance with respect to the li height because v 2 E/ vz 2 , where E is the energy stored in the capacitance and z is the coordinate normal to the surface, is equivalent to a change in the spring constant of the cantilever. The capacitance is the series combination of the tip/nanowire and nanowire/surface capacitors. The phase shi, Df, for an insulating object may be estimated using a model geometry in which the nanowire is represented by the area of a thin dielectric strip directly under the tip, itself modelled as a disc of radius, R tip :
where Q is the quality factor, k the cantilever spring constant, t the oxide thickness and d is the thickness of the nanowire. The rst term is the background contribution due to the tip/oxide/Si capacitance and the second term is due to the tip/nanowire/Si capacitance. Whilst eqn (1) is based on an approximate geometry, it clearly shows that the phase shi is positive for any nite value of the dielectric constant of the nanowire, 3. A negative phase shi cannot occur solely as a result of the nanowire polarisability. However, when the nanowire is conductive, the charge stored on the nanowire/Si capacitor can be spread along the whole length of the nanowire, L. In effect, the second term in eqn (1) becomes much larger because the capacitance is determined by L instead of R tip . Eqn (1) also exhibits a parabolic dependence of the tangent of the phase shi on the applied dc voltage. This contrasts with the linear dependence of the phase shi on potential that arises from the electrostatic force caused by trapped charges: the different dependences on applied voltage has been used before to distinguish the effects of static charge and conductance in EFM.
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Quantitative calculations of the phase shi as a function of nanowire length have been previously been described by others; 69, 70 in this work we use the method in a qualitative fashion to demonstrate the conductive nature of our nanowires. EFM provides a complementary way to image conductance in a convenient contactless imaging experiment.
The MFM technique operates in an analogous manner to EFM; in this case a magnetised AFM tip is used which allows for the magnetic force gradients above a sample to be mapped through monitoring the phase response of the tip during its second pass over each scan line.
SCM and MFM data was acquired with a Dimension Nanoscope V system, using MESP (metallic Co/Cr coated n-doped silicon cantilevers, resonant frequency range ¼ 60-100 kHz, spring constant range ¼ 1-5 N m À1 ) model AFM probes (Veeco Instruments Inc., Metrology Group). Data acquisition was carried out with the use of Nanoscope Version 7.00b19 soware (Veeco Instruments Inc., Digital Instruments). Vibrational noise was again reduced using an isolation table/acoustic enclosure. Both SCM and MFM measurements were conducted using the "two-pass" approach described earlier, with li heights in the range of 40-100 nm (SCM) and 10-100 nm (MFM) used during the second pass of the tip over each scan line. A scan rate of 0.5 Hz was employed during data acquisition in both SCM and MFM experiments.
During SCM measurements an electrostatic eld was generated between the probe and sample using an independently controlled direct current (dc) bias applied to the sample, while the probe was grounded. SCM experiments typically involved a series of phase images of the same sample area being acquired at a range of different of dc bias potentials (between À7 and +7 V), whilst keeping the li height constant.
Immediately prior to MFM measurements, the MESP probes were magnetised using a permanent magnet for $2 minutes. MFM experiments typically involved recording a series of phase images of the same sample area, at a range of different li heights.
